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Abstract The pairing mechanism of high-temperature
superconductivity in cuprates remains the biggest un-
resolved mystery in condensed matter physics. To
solve the problem, one of the most effective approaches
is to investigate directly the superconducting CuO2
layers. Here, by growing CuO2 monolayer films on
Bi2Sr2CaCu2O8+δ substrates, we identify two distinct
and spatially separated energy gaps centered at the
Fermi energy, a smaller U-like gap and a larger V-like
gap on the films, and study their interactions with
alien atoms by low-temperature scanning tunneling
microscopy. The newly discovered U-like gap exhibits
strong phase coherence and is immune to scattering by
K, Cs and Ag atoms, suggesting its nature as a nodeless
superconducting gap in the CuO2 layers, whereas the
V-like gap agrees with the well-known pseudogap state
in the underdoped regime. Our results support an
s-wave superconductivity in Bi2Sr2CaCu2O8+δ, which,
we propose, originates from the modulation-doping
resultant two-dimensional hole liquid confined in the
CuO2 layers.
Keywords: Copper oxides · Molecular beam epi-
taxy · Nodeless pairing · Modulation doping
1 Introduction
The discovery of high temperature (Tc) superconduc-
tivity (HTS) in cuprates [1] has triggered tremendous
efforts to elucidate as to why they superconduct at
high T c. However, this enigma remains unresolved, ap-
parently owing to the layered structure in which the
superconducting CuO2 layers are sandwiched between
non-superconducting charge reservoir layers, for exam-
ple, BiO/SrO in the case of Bi2Sr2CaCu2O8+δ(Bi-2212).
Upon chemical doping in the reservoir layers, rather than
direct chemical doping in the CuO2 layers, the resulting
carriers transfer into the CuO2 layers and boost super-
conductivity therein, resembling the HTS in single-unit-
cell FeSe films on SrTiO3 [2]. By layer-by-layer removal
with an Ar+ bombardment technique, we could reveal re-
spective quasiparticle (QP) excitations of the constituent
planes of Bi-2212 [3] and Bi-2201 [4]. However, the CuO2
surface obtained is too small to systematically investigate
its superconducting property.
Here we grow ultrathin CuO2 films on the BiO sur-
faces of the cleaved Bi-2212 crystals by a state-of-the-art
ozone molecular beam epitaxy (MBE) technique. This
approach allows direct measurements of the electronic
structure of the CuO2 layers by in situ scanning tun-
neling microscopy (STM). We demonstrate that the
superconducting gap in the CuO2 layers is nodeless,
contradictory to the nodal d -wave pairing scenario that
is often thought to be the most important result in the
thirty-year study of the HTS mechanism of cuprates.
2 Experimental
Our experiments were conducted in an ultrahigh
vacuum low temperature STM system equipped with
ozone-assisted MBE chamber (Unisoku), with a base
pressure of 1×10−10 Torr. The copper-oxide films were
prepared by evaporating high-purity Cu (99.9999%)
sources from a standard Knudsen cell under ozone
flux beam of 1.0 ∼ 5.0×10−5 Torr. The flux beam of
ozone from a home-built ozone gas delivery system was
injected into the MBE using a 1/2 inch stainless tube
(Swagelok), ∼ 50 mm distant from the sample. The
K, Cs and Ag atoms were respectively evaporated from
alkali-metal dispensers (SAES Getters) and home-made
Ta boat, with the samples kept at approximately 50 K.
Polycrystalline PtIr tips were cleaned by e-beam heating
in UHV and calibrated on the MBE-grown Ag/Si(111)
films before STM measurements. All STM images were
acquired at 4.2 K in constant-current mode, and the
differential tunneling dI/dV spectra were measured
by using a standard lock-in technique with a small
bias modulation of 1 mV at 966 Hz, unless otherwise
specified.
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23 Result and discussion
MBE growth of copper-oxide films on Bi-2212 with
T c = 91 K (Fig. 1a-d) proceeds in layer-by-layer mode,
and epitaxial crystalline films down to a single monolayer
(ML) could be prepared. The STM topographic images
(Fig. 1a, d) reveal atomically flat and nearly defect-free
surfaces on the cleaved Bi-2212 crystal. The character-
istic b-axis supermodulation (Fig. 1c) is clearly seen in
the uncovered BiO regions in Fig. 1a. The atomically
resolved image in Fig. 1d reveals the nearest-neighboring
Cu ions in the monolayer films to be 3.8 A˚ apart. The
square structure and the in-plane lattice constant are
consistent with those of the CuO2 plane in bulk Bi-2212.
For rocksalt-structured tetragonal CuO (T-CuO) [5–7],
a
√
2×√2 surface reconstruction might blur half Cu ions
and lead to the same lattice constant. However, the iden-
tification of the films as CuO2 is sustained by a large
separation of 2.35 eV between the Fermi level (EF ) and
the valence band of T-CuO [6], while the corresponding
value here is only 1.40 eV (Fig. 1e).
In scanning tunneling spectroscopy (STS), the differ-
ential conductance dI/dV measures the local density of
states (DOS) as a function of bias voltage (V ). Our
dI/dV measurements reveal several distinctive features
of the CuO2 films from the cleaved BiO surfaces that
have been extensively studied by STM/STS [8]. First,
the overall electronic spectrum of the CuO2 films is char-
acterized by a Mott-Hubbard-like gap of 2.21 eV without
prominent states in it (Fig. 1e). The result is expected
since the ground state of CuO2 is a Mott insulator as
previously observed by STM in Ca2CuO2Cl2 [9]. The
pronounced DOS at 1.1 eV can be assigned to the upper
Hubbard band, while the shoulders around -1.82 eV (see
the arrow in Fig. 1e) the charge transfer band (CTB)
[10] or Zhang-Rice-Singlet [11] because of strong on-site
Coulomb repulsion. The CTB gap magnitude of 2.21 eV
agrees with 2.2 eV as measured in Ca2CuO2Cl2 [9] and
2.0 eV for La2−xSrxCu2O4 [12].
Second, and the most surprisingly, in some regions the
low-energy QP excitations of the CuO2 films disclose a
well-defined U-gap (Fig. 1f) (∆s). Its two pronounced
conductance peaks at gap edges (± 18.6 meV) and the
vanishing DOS in between, suggest that ∆s is an s-wave-
like gap. To avoid possible artificial effects in our mea-
surements, we collected more than 3000 spectra on dif-
ferent locations of the CuO2 films from more than forty
samples. The persistence of the U-gap in these regions
is illustrated in Fig. 1h: despite changes in the coher-
ence peak intensity and the gap size ranging from 16
meV to 22 meV, the essential U shape can clearly be
seen. The observation invalidates the general assump-
tion that the V-shaped STS spectra on the cleaved BiO
surfaces are due to tunneling from the underlying CuO2
planes in Bi-2212 [8]. Other regions are characterized
by a larger V-shaped gap (∆p) (the black curve in Fig.
1g). At boundaries between the two types of regions,
a double-gap feature with mixed U- and V-gaps (violet
curve in Fig. 1g) is present and expected. Within our
instrumental resolution, we find no difference in the de-
tailed features of these V-gaps and the pseudogap (PG)
from the BiO surfaces in Fig. 1c [8]. The two-gap feature,
together with the systematic spatial evolution of dI/dV
spectra observed throughout, suggests two types of QP
gaps at different energy scales in the CuO2 films on Bi-
2212, although their spectral weights (W ) are spatially
varied. Such spatial inhomogeneity might originate from
different amount of charge transfer from the substrate
to CuO2, e.g. the U-gap regions have more hole carriers
as compared to the V-gap regions. This charge trans-
fer seems not induce apparent large-energy-scale states
in the CTB gap (Fig. 1e). The result is very significant
and implies that external doping of the CuO2 Mott insu-
lator does not alter its fundamental electronic structure,
an issue fiercely debated but at the heart of HTS physics.
It actually forms a starting point of our new model for
HTS, as will be discussed later.
What might be the origin of the two-energy-scale QP
gaps in the CuO2 films? To address this issue, in Fig.
2a, we summarize our measurements of the averaged gap
magnitudes, ∆s and ∆p, as a function of ∆p,BiO simul-
taneously acquired on the exposed BiO surfaces. Here
∆p,BiO and thus the hole carriers are delicately controlled
by annealing the samples under ozone flux or UHV [3, 4].
The larger energy gap, ∆p, is found to scale linearly
with ∆p,BiO and bears striking quantitative correspon-
dence in the magnitude (red dashes) and spatial variation
(marked by the equal statistical uncertainty) to ∆p,BiO,
further stressing its nature as the gap in Bi-2212 sub-
strates [13]. Therefore, the CuO2 films in these regions
remain at their insulating state and thus transparent to
the STM tip. On the other hand, the magnitude of the
smaller but relatively homogeneous gap ∆s (documented
by the small statistical uncertainty in Fig. 2a) exhibits
a different behavior versus ∆p,BiO and saturates at ∼ 30
meV. This hints at a different origin of ∆s. As a super-
conducting gap in the CuO2 layers, it was occasionally
seen in the form of broad ‘kinks’ in underdoped Bi-2212
[14, 15]. The above results including those from Fig. 1f,
g, i, consistently suggest that the U-gap corresponds to a
superconductivity state prompted by the charge transfer
mentioned above. Because of asymmetric doping and a
peculiar bonding configuration of CuO2 on the inert BiO
surface, we speculate that the total charge transfer is
not sufficient to make the whole films superconducting,
leading to the formation of two different regions. The
situation may be improved by growing CuO2 on the SrO
surface of Bi-2212 [3, 4].
To further confirm that the U-gap regions are super-
conducting, we investigate the temperature evolution of
the dI/dV spectra (see Fig. 2b, c). The U-gap ∆s
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FIG. 1. STM characterization of CuO2 monolayer films on Bi-2212. a, b STM topography (V = 1.5 V, I = 20 pA, 40 nm × 40
nm) and schematic view of monolayer CuO2 films on the Bi-2212 substrate. The arrow indicates the uncovered BiO surface. c
STM topography (V = 0.2 V, I = 50 pA, 10 nm × 10 nm) on the BiO surface. d STM topography (V = 0.5 V, I = 15 pA, 10
nm × 10 nm) of the CuO2 films showing a square lattice with Cu-Cu spacing of 3.8 A˚. e Large-energy-scale dI/dV spectrum
(setpoint: V = 1.5 V, I = 100 pA) on CuO2. The bias-modulation amplitude was set to 15 mVrms. f, g dI/dV spectra of
the CuO2 films, revealing two distinct energy scale gaps (∆s and ∆p) in the low-energy QP excitations. The U-shaped spectra
exhibit vanishing and particle-hole-symmetric DOS over a finite energy range near EF . The spectra in (g) were acquired in
the same sample and vertically offset for clarity, with their zero-conductance positions marked by the correspondingly colored
horizontal lines throughout. h Line-cut dI/dV spectra showing the spatial robustness of the U-shaped superconducting gap
in the CuO2 films. The eight dI/dV spectra along 6-nm trajectories on CuO2 all show vanishing and particle-hole-symmetric
DOS over a finite energy range near EF . The purple horizontal bars mark the zero-conductance positions. Setpoint: f, h V =
0.2 V, I = 100 pA; g V = 0.1 V, I = 300 pA.
exhibits the characteristics of a conventional supercon-
ducting gap: with increasing temperature, the coherence
peaks begin to fade away abruptly and then gradually
(Fig. 2b). At 101 K, the gap vanishes completely. Mean-
while, the DOS near EF shows a dramatic increase for
∆s, particularly around 101 K. The results demonstrate
that ∆s is indeed a superconducting gap, and that the
CuO2 monolayers on BiO surface are superconducting
with s-wave-like pairing wavefunction. As for ∆p, it is
still visible at 104 K and exhibits the same behavior as
the PG observed on the cleaved Bi-2212 surfaces [8].
In search for the origin of the nodeless superconductiv-
ity observed here, we study the related spectral weight of
∆s(p), Ws(p), in the CuO2 films. Such Ws(p) images, rep-
resented approximately by the dI/dV conductance at the
energies of ∆s ∼ 25 meV and ∆p ∼ 45 meV, are simul-
taneously mapped and shown in Fig. 2d, e. The spatial
inhomogeneity in Ws(p) and their anticorrelation are dis-
cernable. To quantify this, we compute the cross correla-
tion between Ws and Wp, as depicted by blue squares in
Fig. 2f. Combined with the Ws(p) autocorrelation (black
circles and magenta triangles), we estimate a character-
istic correlation length of ∼ 2.7 nm over which the cor-
relation goes to zero. The findings are reminiscent of
the electronic inhomogeneity with a similar length scale
in cuprates [16, 17], which is most likely correlated with
interstitial oxygen dopants [17]. The anticorrelation coef-
ficient of -0.8 between Ws and Wp is actually quite large,
suggesting that the Bi-2212 substrate plays an important
role in the observed superconductivity as a charge reser-
voir. Evidently, the superconducting gap ∆s goes hand
in hand with ∆p,BiO (Fig. 2a), an indicator of mobile
hole carriers available in the Bi-2212 [18]. Here the anti-
correlated ∆p and ∆s, supporting the proposal that the
PG in cuprates is competitive with and thus irrelevant to
pairing [3, 4, 19, 20], might be only a phenomenological
reflection of the available hole carriers for PG formation
and Cooper pairing.
Response of the gaps against nonmagnetic impurities
further helps unravel the pairing symmetry. Nonmag-
netic impurities have been known to exert little or no
effect on electron pairing in a conventional s-wave super-
conductor [21], but to induce QP bound states within the
pairing gap in an unconventional superconductor with
gap nodes [22]. To gain insight into ∆p and ∆s, we de-
posit alkali-metals (K and Cs) and a noble-metal (Ag) on
Bi-2212 and CuO2 films (see Fig. 3). We find that the
PG on Bi-2212 broadens gradually in its magnitude with
increasing K (Cs) coverage and vanishes at a K dose of ∼
0.168 ML (Fig. 3g), whereas it changes little on the K, Cs
and Ag covered CuO2 surface (Fig. 3k, n, q). This nicely
echoes our argument that the PG is from the substrate:
K (Cs) may donate some electrons to the CuO2 surface
[23, 24], but it is limited to the CuO2 layers (Fig. 3a-
4f) and should not disturb the substrate electronic struc-
ture much. No bound state is seen atop Ag adatoms on
the Bi-2212 surface (Fig. 3h), implying that the d -wave
PG is not a pairing gap, which should otherwise induce
in-gap bound states [22]. Importantly, the long hidden
superconducting gap ∆s for CuO2 shows striking robust-
ness against scattering by K, Cs (Fig. 3a, b, d, e), and
Ag (Fig. 3g, h) for a wide range of coverage from 0 to
0.84 ML. The results are in line with the nodeless s-wave
pairing and against sign-reversal pairing symmetry.
One may argue that lifting of gap nodes by disorder
might engender a U-shaped gap structure. For hypothe-
sized d -wave pairing in cuprates, the positions and topol-
ogy of nodes are rigorously imposed by the symmetry,
and thus the gapless excitations are protected against
disorder. In this case, the disorder would have severely
suppressed the coherence peaks, contradicting our obser-
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FIG. 2. Low-energy QP excitations at two energy scales. a
Dependence of ∆s (blue squares) and ∆p (black circles) on
∆p,BiO. The red diagonal dashes show the curve for ∆p =
∆p,BiO. The error bars refer to the standard deviation of sta-
tistical gap values from 50 dI/dV spectra. b, c Temperature
dependence of the superconducting gap ∆s and PG ∆p. Dis-
tinct from a gradual DOS filling for ∆p, the DOS near EF for
∆s shows a more dramatic increase with temperature. Set-
point: V = 0.1 V, I = 100 pA. d, e Local DOS images (6
nm × 6 nm) of dI/dV spectra measured at (d) V = -25 mV
and (e) V = -45 mV, characterizing the spatial distribution of
Ws(p) for the pairing gap ∆s and pseudogap ∆p, respectively.
Setpoint: V = 50 mV, I = 100 pA. f Azimuthally averaged
autocorrelation of Ws(p) (black circles and magenta triangles)
and cross correlation between them (blue squares).
vations (Fig. 1f, g, i). One may also argue that the U-gap
results from the anisotropic tunneling matrix element Tφ
∝ cos2(2φ) (φ = tan−1(ky/kx) is the azimuthal tunnel-
ing angle) effects for CuO2 with tetragonal symmetry
[25]. Such a Tφ reduces the low-energy QP tunneling in
the nodal regions of d -wave gap and can give rise to a
U-like spectrum, while sharpening the coherence peaks.
We have attempted the method to fit our data, but no
success (Fig. 4), which suggests that ∆s is isotropic in
reciprocal space. Further theoretical study is needed to
understand how the pairing is intertwined with PG [26]
and the resultant U-like excitations in CuO2.
Our results on the nodeless gap of the superconduct-
ing CuO2 monolayers, which is evidently triggered by
charge transfer from the substrate, have significant im-
plications on the pairing mechanism of Bi-2212. The
undoped CuO2 is well known as a Mott insulator due
to many-body correlation. It becomes superconduct-
ing only when the adjacent BiO/SrO reservoir layers
are doped and the resulting carriers are injected into it.
Such charge-transfer mechanism has long been employed
as modulation-doping in semiconductor high-electron-
mobility-transistors such as AlxGa1−xAs/GaAs super-
lattices [27], as schematically illustrated in Fig. 5a. It
is well-established that charge transfer is initiated only
when the EF of doped n-type AlxGa1−xAs is higher than
that of undoped GaAs. Upon contact, charge transfer
and band bending take place to align their Fermi lev-
els, which, in turn, leads to formation of a quantum well
(QW) at the GaAs side of the interface. The transferred
carriers form a two-dimensional electron gas (2DEG) in
the QW, while AlxGa1−xAs is depleted forming a poten-
tial barrier. Without band bending and QW formation,
GaAs itself is insulating and cannot accommodate elec-
trons. Similarly, the holes cannot be injected into the
CuO2 Mott insulator unless a QW forms in the CuO2
layer (Fig. 5b). As a result, the hole carriers generated in
the SrO(BiO) layers “fall” into the CuO2 QW and form
a clean 2D hole liquid (2DHL) therein. Formation of
2DHL does not necessarily change the ground electronic
state of CuO2, as in the case of AlxGa1−xAs/GaAs in the
spirit of rigid-band model. This argument is supported
by our observations in Fig. 1e, and also by resonant in-
elastic X-ray scattering study showing the persistence of
anti-ferromagnetic ordering in CuO2 for the whole phase
diagram of La2−xSrxCu2O4 (x = 0 to 0.40) [28]. In this
way, regardless of how much the doping is, the CuO2
planes can sustain its chemical and structural integrity
so as to assure the superconductivity phase coherence.
Under this context, Bi-2212 is nothing special but just a
2DHL superlattice with much higher carrier density. The
2DHL confined in the CuO2 layers should have a simple
concentric circular Fermi surface, which may naturally
lead to an isotropic pairing and a conventional s-wave
gap. Indeed, the single-unit-cell FeSe films on SrTiO3
are found to exhibit a simple Fermi surface and conven-
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FIG. 3. Immunity of QP energy gaps to non-magnetic impurities. a-f STM topography (V = 0.4 V, I = 20 pA, 50 nm ×
50 nm) of the cleaved Bi-2212 surface adsorbed with K at different dosages, as indicated. Here 1 ML is defined as the areal
density of Bi at the topmost BiO layer (∼ 6.9 × 1014/cm2). g K coverage-dependent dI/dV spectra on the cleaved Bi-2212
surface at 4.2 K. Setpoint: I = 200 pA and V = 0.1 V (the three curves from the bottom) or 0.2 V (the upper four curves). h
Typical dI/dV spectrum (setpoint: V = 0.2 V, I = 200 pA) measured on Ag adatoms on Bi-2212, revealing no in-gap states
within the pseudogap. i-k STM topography (V = 1.2 V, I = 10 pA, 50 nm × 50 nm) and dI/dV spectra (setpoint: V = 0.2
V, I = 200 pA) of ∼ 0.84 ML K-dosed CuO2 monolayer films. l-n STM topography (V = 1.5 V, I = 10 pA, 30 nm × 30 nm)
and dI/dV spectra (setpoint: V = 0.2 V, I = 200 pA) of ∼ 0.03 ML Cs-dosed CuO2 monolayer films. o-q STM topography
(V = 1.2 V, I = 20 pA, 50 nm × 50 nm) and dI/dV spectra (setpoint: V = 0.2 V, I = 200 pA) of Ag-dosed CuO2 monolayer
films. The spectra were measured on K, Cs or Ag adatoms, revealing undisturbed energy gaps against nonmagnetic impurity
scattering.
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tional s-wave superconductivity [2, 29], which result from
the same charge transfer mechanism.
We now show that with this rather simple model,
we can understand the complicated phase diagram of
cuprates [30]. As schematically illustrated in Fig. 5c, at
critical doping the superconductivity sets in as the CuO2
QW is filled with sufficient holes to form 2DHL (panel i
in Fig. 5c). Increasing doping concentration pulls down
the EF of the reservoir layers such that the hole density
in the QW increases (so does Tc). The optimal doping
corresponds to the situation where the QW reaches its
maximal capacity to accommodate holes (panel ii in Fig.
5c). Further doping into the reservoir layers results in a
parallel conductive channel and the CuO2 QW starts to
collapse (panel iii in Fig. 5c), which reduces the effec-
tive hole density in the CuO2 layer and thus weakens the
superconductivity. In the extremely overdoped regime
where the EF touches the CTB of CuO2 (panel iv in Fig.
5c), the charge transfer no longer exists. As a result, the
QW is not filled and the CuO2 layer returns to its initial
insulating state, while the reservoir layers become highly
conductive. Note that the charge carriers generated in
the reservoir layers increase monotonically with chemical
doping (Fig. 5c). It is consistent with the linear reduc-
tion of ∆p with increasing doping and supports the origin
of PG from the reservoir layers.
The strange metal phase around the overdoped regime
is regarded as one of the most mysterious puzzles in
cuprates [30]. According to our model, the Bi-2212 in this
regime (panel iii in Fig. 5c) is composed of alternative
2DHL layers and SrO/BiO reservoir layers that are both
6conducting. Unlike a conventional metal, the carrier den-
sity of these layers can be thermally activated, just like
doped semiconductors. This fact would complicate the
resistivity versus temperature behavior, and the peculiar
linearly temperature-dependent resistivity in cuprates re-
sults simply from the intertwined effects of a quadratic
scattering rate (Fermi liquid behavior) and temperature-
dependent carrier density [31]. Moreover, other normal
state properties of cuprates in the whole phase diagram
can be understood easily: they should also be dominated
by complicated behaviors of the heavily doped charge
reservoir layers because the CuO2 planes contribute lit-
tle to those behaviors (particularly resistivity) above Tc
because of disappearing hole-dopant ion separation.
For both cuprates and iron-based superconductors,
particle-hole-asymmetric superconductivity domes have
been revealed in phase diagrams. We believe that it orig-
inates from particle-hole-asymmetric band offsets of dif-
ferent reservoir layers with regard to CuO2 that make up
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transferred from the modulation doping layers to either the
interface or the quantum wells (indicated by the orange ar-
rows). c Phase diagram of high-T c cuprate superconductors,
interpreted as the evolution of a quantum well under modu-
lation doping of holes.
the superconductor, because the Fermi level of the un-
doped charge reservoir layers and the mid-gap position
of the Mott insulator CuO2 are usually different. In the
case that the band offset does not allow enough charge
transfer, superconductivity dome may not emerge.
Finally, we would like to point out that the monolayer
oxide films studied here might be T-CuO, whose ground
state is also a Mott insulator and similar to CuO2 [6].
As discussed above, whether it is CuO2 or T-CuO does
not affect the modulation-doping scheme: as long as a
material can form an ideal heterostructure with it and
their respective electronic structures satisfy the criterion
for band bending, the system may superconduct. The
FeSe/SrTiO3 and LaAlO3/SrTiO3 heterostructures
represent two good examples [2, 32].
4 Summary
Our model is based on the modulation-doping scheme
that is in the framework of rigid band model and has been
proved extremely successful in semiconductor physics
since its development in late 1970′s [27]. Although this
rigid-band model based scheme is simple, we have shown
that it could capture the essential features of Bi-2212
for both normal and superconducting states in the en-
tire phase diagram. The model may also work for other
cuprates and iron-based superconductors in terms of the
same doping-charge-transfer mechanism. To justify the
model, here we propose to employ electrical field effect
(e.g. by ionic liquids) to tune the copper-oxide layers on
non-superconducting substrates (such as SrTiO3 (001))
superconducting. If the model is confirmed, it would
point to an explicit direction for discovering new high-
T c materials, as has been done for the quantum Hall
effect with various semiconductor heterostructures. Last
but not least, the observed nodeless superconductivity
implies that the pairing might be mediated by an attrac-
tive interaction in k space, namely the electron-phonon
interaction in conventional superconductors, but with en-
hanced Debye temperature and electron-phonon coupling
[2]. Therefore, exploring the isotope effect of Tc will help
unravel the pairing mechanism. The successful growth
of CuO2 monolayer films, as reported here, paves a solid
base for future study.
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